INTRODUCTION
============

The hallmark of RNA interference (RNAi) pathways is the use of small RNAs (sRNAs), bound by proteins of the Argonaute family, as specificity subunits that allow the recognition of target sequences by pairing interactions. In most eukaryotes, RNAi will process aberrant transcripts or experimentally introduced double-stranded RNA (dsRNA) into small interfering RNAs (siRNAs) that target homologous mRNAs for degradation, resulting in post-transcriptional gene silencing (PTGS). In plants and animals, miRNAs are processed from endogenously encoded non-coding transcripts and mediate PTGS through mRNA degradation or translation inhibition. These related pathways depend on dsRNA-specific ribonucleases of the Dicer family, which produce sRNA duplexes of 21--24 nt with characteristic 2-nt 3′ overhangs at both ends ([@B1]). In *Caenorhabditis elegans*, however, the RNAi response to dsRNA contained in food bacteria was shown to involve not only Dicer-dependent primary siRNAs, but also secondary siRNAs that are not Dicer products but instead appear to be synthesized by an RNA-dependent RNA polymerase (RdRP) from the targeted mRNA ([@B2; @B3; @B4]).

Dicer proteins are further involved in specialized RNAi pathways that control gene expression at the transcriptional level. In plants and fungi, siRNAs are believed to target chromatin-modifying complexes to specific loci by pairing with nascent transcripts ([@B5]). In contrast, the biogenesis of the recently described piRNAs of metazoans appears to be Dicer-independent. PiRNAs are germline-specific sRNAs that associate with the Piwi subfamily of Argonaute proteins and, at least in vertebrates, are specifically produced during meiosis ([@B6; @B7; @B8; @B9; @B10]). Although their biological functions are not fully understood, they have been implicated in the repression of germline retrotransposons by mechanisms that include the targeting of chromatin modifications ([@B8],[@B11; @B12; @B13; @B14]).

In ciliates, at least two distinct small RNA pathways appear to mediate different types of homology-dependent effects. PTGS was first shown to be induced in *Paramecium tetraurelia* by high-copy, untranslatable transgenes ([@B15],[@B16]), or by feeding cells with bacteria producing dsRNA ([@B17]). In both cases, silencing of the targeted cellular gene correlates with the accumulation of homologous ∼23-nt siRNAs ([@B18],[@B19]). In the related *Tetrahymena thermophila*, a similar class of ∼23--24-nt RNAs is produced endogenously from a limited number of genomic loci ([@B20]). That the latter represent endogenous siRNAs is suggested by the fact that experimentally induced hairpin transcripts, which cause the silencing of homologous genes, are processed into siRNAs of similar lengths ([@B21]). *In vitro* experiments have implicated Dcr2, one of two Dicer proteins in this organism, and the RdRP Rdr1 in the biogenesis of ∼23--24-nt siRNAs ([@B22]).

The second small RNA pathway described in ciliates is restricted to the sexual phase of the life cycle. In these unicellular eukaryotes, germline and somatic functions are ensured by two different kinds of nuclei, the diploid micronucleus (MIC) and the highly polyploid macronucleus (MAC). Sexual events are initiated by meiosis of the MIC. Following fertilization, new MIC and MAC develop from copies of the zygotic nucleus. MAC development involves extensive rearrangements of the germline genome, including the elimination of transposable elements and other repeated sequences and the precise excision of numerous single-copy Internal Eliminated Sequences (IESs) ([@B23; @B24; @B25; @B26]). Elimination of MIC-specific DNA was shown to be targeted by histone H3 modifications in several species ([@B27; @B28; @B29; @B30]). In *T. thermophila*, meiosis-specific Dicer-like and Piwi-like proteins (Dcl1 and Twi1) are required for the accumulation of scnRNAs ('scan' RNAs), a complex class of ∼26--31-nt sRNAs produced by meiotic MIC ([@B20],[@B31; @B32; @B33]). These proteins are also required for DNA elimination in the developing MAC, suggesting that rearrangement patterns are determined by scnRNA-directed chromatin modifications.

A large body of experimental evidence has shown that alternative rearrangements of the same germline genome can be reproduced from maternal MAC to zygotic MAC, implying a *trans*-nuclear comparison of germline and somatic genomes ([@B34],[@B35]). Homology-dependent maternal effects can inhibit the excision of a subset of *P. tetraurelia* IESs, called maternally controlled IESs (mcIESs) ([@B36]), and can also mediate the elimination of cellular genes from the MAC genome ([@B18]). To explain similar effects in *T. thermophila*, it has been proposed that scnRNAs, which appear to become progressively enriched in MIC-specific sequences after meiosis and to move from parental to zygotic MAC ([@B37]), are involved in this *trans*-nuclear comparison. ScnRNAs that can pair with homologous sequences in the parental MAC (MAC scnRNAs) would be degraded, while the MIC-specific ones would be exported to the zygotic MAC to target DNA elimination ([@B38]). In *P. tetraurelia*, the recognition and inactivation of MAC scnRNAs appears to be determined by pairing with non-coding transcripts from the maternal MAC, rather than with DNA ([@B18],[@B39]), and this may also be true in *T. thermophila* ([@B40],[@B41]).

Here, we show that different Dicer and Dicer-like genes are involved in the biosynthesis of *P. tetraurelia* siRNAs and scnRNAs, and present the first analysis of small RNA sequences from both classes.

MATERIALS AND METHODS
=====================

Paramecium strain and cultivation
---------------------------------

The entirely homozygous strain 51 was grown at 27°C in a wheatgrass-powder infusion medium bacterized with *Klebsiella pneumoniae* and supplemented with 0.8 mg l^−1^ β-sitosterol as described ([@B19]). Conjugation was carried out with very young cells (≤5 divisions since the last meiosis) to minimize the occurrence of autogamy upon starvation. Briefly, old cell lines of both mating types were allowed to starve in 100 ml (∼400 000 cells) to induce 100% autogamy (fragmentation of the old MAC was monitored by carmine red/fast green staining). Post-autogamous cells were fed with four volumes of bacterized medium to allow two divisions before starvation. Aliquots of starved cells were then fed with *K. pneumoniae* or *Escherichia coli* for ≤3 divisions; upon starvation, cells become reactive and ready for conjugation. Autogamy was induced by starvation of old cells (≥20 divisions). Unlike conjugation which can be initiated in a synchronous manner by the mixing of mating types, cells enter autogamy from a fixed point of the cell cycle, leading to a minimal asynchrony of ∼6 h.

DNA and RNA extraction, Southern and northern blot analyses
-----------------------------------------------------------

These were as described ([@B19]), except that small-RNA northerns were washed in 2× SSC, 0.1% SDS at ≤25°C to allow the detection of scnRNAs.

5′-end labelling of small RNAs
------------------------------

Total RNA samples (10 μg for [Fig. 1](#F1){ref-type="fig"}A) were dephosphorylated using Calf Intestine Phosphatase, extracted with acid phenol, and labelled using T4 Polynucleotide Kinase and \[γ-^32^P\]ATP. Figure 1.Evidence for meiosis-specific ∼25-nt RNAs distinct from the ∼23-nt siRNAs. (**A**) Total RNA samples from starved reactive cells (mtO, mating type O; mtE gave similar results) just before the mixing of mating types, or at different times post-mixing (2, 4.5 and 7 h), were 5′-end-labelled and run on a 15% polyacrylamide-urea gel. The size marker (M) shows the positions of 20 and 30-nt RNAs. Three different experiments are shown: before conjugation, cells were fed either with *Klebsiella* (no silencing) or with *E. coli* strains producing dsRNA homologous to parts of the *NOWA1* or *ND7* coding sequences, as indicated. The high background seen in reactive cells (mtO) silenced for these genes is likely due to bacterial RNA being degraded. The lower panel (tRNA) shows subsequent hybridization of the same membrane with a tRNA probe, as a loading control. (**B**) A similar gel of samples from the conjugation of *NOWA1*- and *ND7*-silenced cells was blotted and revealed successively with probes specific for the *NOWA1* dsRNA sequence, for the *NOWA3* gene, and for the same tRNA as in A, as indicated. The faint band seen at ∼25 nt in reactive cells (mtO) prior to the initiation of conjugation is due to a small fraction of cells (\<3%) undergoing autogamy, a self-fertilization sexual process.

dsRNA feeding experiments
-------------------------

Target sequences were cloned into plasmid L4440. The sequences used for *ND7* and *NOWA1* silencing, and the growth and IPTG induction of transformed *E. coli* (HT115) clones, were as described ([@B19]). Sequences used for silencing of *DCR1*, *DCL2* and *DCL3* were segments 3019--3987, 434--1032, and 630--1468 of GSPATG00021751001, GSPATG00008494001 and GSPATG00027456001 (see ParameciumDB at <http://paramecium.cgm.cnrs-gif.fr/>), respectively.

Constructs, probes and oligonucleotides
---------------------------------------

The tRNA probe in [Figure 1](#F1){ref-type="fig"}A is a 75-nt oligonucleotide complementary to a Gln tRNA (scaffold_39-tRNA1, see ParameciumDB), including CCA extension, end-labelled with T4 kinase. The NOWA1 probe in [Figure 1](#F1){ref-type="fig"}B is the same portion of the coding sequence as used for dsRNA feeding, *i.e*. a PCR fragment covering positions 2401--3246 of AJ876761, labelled by random priming. The NOWA3 probe covered segment 507--1053 of GSPATG00006397001 (see ParameciumDB). The silencing *A^51^* transgene, microinjection method, and *A^51^*-specific probe have been described ([@B18]). Probes used for *DCR1*, *DCL2* and *DCL3* were a plasmid containing the entire *DCR1* gene and 735/184 bp of upstream/downstream sequences, and PCR fragments covering the entire *DCL2* and *DCL3* coding sequences.

Cloning of sRNAs and hybridization-selection
--------------------------------------------

Small RNAs were purified on 15% polyacrylamide (acrylamide:bis 19:1)-7 M urea gels and cloned according to the procedure described in ([@B42]). For hybridization-selection, the sequences of interest (2--5 μg of PCR fragments) were fixed on strips of Hybond-N+ membranes (Pharmacia) with 0.4 N NaOH and hybridized in Church buffer with ∼2 μg of denatured RT-PCR products from the 25-nt sRNA fractions, in the presence of a 100-fold molar excess of each of the PCR primers to avoid the concatemerization of all RT-PCR products that would result from the hybridization of the adaptors. DNA was recovered from small volumes of 2× SSC, 0.1% SDS used to wash the membranes with 5°C temperature increments and reamplified before cloning. After washing at 40--50°C and eluting at 100°C, 20--80% of reamplified sRNAs matched the target sequences.

Microarray expression data
--------------------------

Expression data were obtained from single channel Nimblegen® microarrays with six different 50-mer probes per gene. Signals from microarrays from four biological replicates were normalized together and log~2~-transformed. The expression level of each gene at each stage (vegetative growth and early autogamy) was taken as the mean of the signals from the six probes over the four biological replicates. Significant differences between means in the two stages were assessed with a two-sided Student\'s *t*-test.

Bioinformatic analyses
----------------------

Small RNA sequences were searched in relevant databases using the fuzznuc and blast softwares. To classify the 641 25-nt scnRNA sequences, a position-specific weighting matrix was constructed using the frequency of each base observed at each position in the alignment of the whole set (known to contain an excess of guide strands), divided by the frequency of that base in the macronuclear genome (0.36 for A and U, 0.14 for G and C). The score of each sequence was defined as the sum of the log~2~ of values corresponding to each base for the first 23 positions. A scnRNA was classified as a guide if its score was greater than that of its reverse complement. Sequence logos were computed using the WebLogo (<http://weblogo.berkeley.edu/logo.cgi>) and RNA Structure Logo (<http://www.cbs.dtu.dk/~gorodkin/appl/slogo.html#form>) web sites.

RESULTS
=======

Evidence for meiosis-specific ∼25-nt scnRNAs in *P. tetraurelia*
----------------------------------------------------------------

To examine the population of endogenous sRNAs during sexual reproduction, total RNA was extracted at different time points from a culture undergoing synchronous conjugation. Total RNA samples were dephosphorylated, labelled with P^32^ using T4 kinase, and run on a 15% polyacrylamide-urea gel. In the 20--30-nt range, only background signal was visible in starved, sexually reactive cells of mating types O and E prior to their mixing, which initiates the pairing of cells and conjugation ([Figure 1](#F1){ref-type="fig"}A, no silencing, mtO). In contrast, a homogeneous class of ∼25-nt RNAs was readily detected as soon as 2 h after the mixing, well before the first meiotic division of micronuclei. These RNAs were also easily seen by ethidium bromide staining of 20 μg of total RNA (data not shown), indicating that they are produced in massive amounts. To illustrate the size difference between these meiosis-specific sRNAs and the ∼23-nt siRNAs associated with PTGS, conjugation was induced between reactive cells that had previously been grown on dsRNA-producing *E. coli* to silence the *NOWA1* or *ND7* genes. SiRNAs were not readily detected by 5′-end labelling, presumably because of their much lower abundance ([Figure 1](#F1){ref-type="fig"}A). They could be specifically revealed, however, by northern blotting of the same samples after hybridization with homologous probes ([Figure 1](#F1){ref-type="fig"}B). Such northern blots further showed that the ∼25-nt RNAs contained sequences homologous to the *NOWA1* and *NOWA3* genes ([Figure 1](#F1){ref-type="fig"}B), as well as a wide variety of other genomic sequences including MIC-specific elements such as transposons (data not shown) and IESs ([@B39]). Thus, a very complex population of ∼25-nt RNAs appears to be produced by micronuclei at the very beginning of meiosis. These will be called scnRNAs because of their similarity to those described in *T. thermophila*.

Relative to the tRNA loading control, the total amount of scnRNAs appeared to decrease between 2 and 7 h in the wild-type conjugation, and to increase during the same period of time when the *NOWA1* or *ND7* genes were silenced. While this difference may be a consequence of the dsRNA feeding technique, it is not possible to tell whether it results from a true effect on scnRNA processing or from a more general effect on the efficiency or synchrony of conjugation. Similarly, scnRNA levels appeared to be higher in *NOWA1*-silenced than in wild-type or *ND7*-silenced cells ([Figure 1](#F1){ref-type="fig"}A and B), but more experiments will be needed to determine whether this is linked to the putative role of the Nowa1 protein in scnRNA function ([@B19]).

Functional analysis of Dicer and Dicer-like genes
-------------------------------------------------

The *P. tetraurelia* MAC genome ([@B43]) contains seven genes encoding proteins with RNaseIII domains ([Figure 2](#F2){ref-type="fig"}A). Three of these (*DCR1-3*) are typical Dicer genes, containing the two DExH helicase subdomains, followed by a DUF283 domain, and two RNaseIII domains near the C-terminus. However, alignment of protein sequences suggests that Dcr2 and Dcr3 are not catalytically active, as is the case of *T. thermophila*\'s Dcr1: the four catalytic residues of both RNaseIII domains are all mutated in these 3 proteins ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). It is also unclear whether the ciliate Dicers contain functional PAZ and DSRM domains, because sequences are quite divergent in these regions. The remaining four genes only contain two RNAseIII domains and a ∼350-aa N-terminal extension with no homology in databases, except to each other. These are structurally closer to *T. thermophila*\'s *DCL1* and were called *DCL1-4*; all RNaseIII domains contain the four catalytic residues except for the second domain of Dcl1 ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). Expression patterns were determined for some of these genes by probing a northern blot of RNA samples extracted at different times from a culture undergoing autogamy, a self-fertilization sexual process ([Figure 2](#F2){ref-type="fig"}B). The *DCR1* mRNA appeared to be expressed throughout the life cycle, which would be consistent with a role in the vegetative siRNA pathway, whereas *DCL2* and *DCL3* mRNAs were upregulated during early autogamy, suggesting they may be involved in scnRNA biogenesis. These expression patterns were confirmed by microarray data ([Table 1](#T1){ref-type="table"}). Microinjection of a *DCL2-GFP* fusion construct further showed that the fusion protein accumulated in the MIC, but not in the MAC, at the beginning of meiosis; by the end of meiosis I, it was excluded from all nuclei ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). Figure 2.Dicer and Dicer-like genes in *P. tetraurelia*. (**A**) Schematic representation of protein domains. Grey boxes, helicase and helicase C-terminal domains. Hatched boxes, DUF283. Black boxes, RNaseIII domains. Black or white Xs mark domains that are unlikely to be catalytically active because of non-conservative substitutions at key residues. For accession numbers, see [Supplementary Figures S1 and S2](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1). (**B**) Northern blot analysis of the expression of the *DCR1*, *DCL2* and *DCL3* mRNAs in total RNA samples extracted at different times during autogamy. The 0 time point was arbitrarily set when 12% of cells in the culture had undergone meiosis, as indicated by their fragmented MAC. That percentage was 50% at 7.5 h, 98% at 16 h, and 100% at 31.5 h. Developing new MAC was visible in 20% of cells at 16 h and 98% at 31.5 h. V, total RNA extracted from starved vegetative cells at 84 h, after refeeding the culture for a few vegetative divisions. The bottom panel shows 17S rRNA (negative of ethidium bromide stain, before blotting) as a loading control. Table 1.Expression levels of Dicer and Dicer-like genes during the life cycleGeneVegetativeAutogamy*P*-value*DCR1*11.411.0NS (0.4)*DCR2*10.49.6**5 × 10^−4^***DCR3*9.69.3NS (0.2)*DCL1*10.09.9NS (0.6)*DCL2*9.511.1**2 × 10^−3^***DCL3*9.312.2**2 × 10^−7^***DCL4*10.510.3NS (0.4)[^3]

To test the implication of the *DCR1* gene in siRNA-mediated PTGS, cells were microinjected with an *ND7* transgene lacking the 3′UTR ([@B15]) to silence the endogenous *ND7* gene, resulting in a trichocyst non-discharge phenotype. *ND7* silencing was suppressed within 48 h when transformed clones were fed an *E. coli* strain producing *DCR1* dsRNA, but not when they were fed *DCL1*, *DCL2* or *DCL3* dsRNAs. Similarly, double-feeding experiments in which wild-type cells were fed equal amounts of *ND7* and other dsRNAs showed that the *ND7/DCR1* combination resulted the next day in a transient *ND7* silencing phenotype that reverted to wild type after 48 h, while other combinations gave a stable non-discharge phenotype. That *DCR1* is involved in the synthesis of ∼23-nt siRNAs was directly verified using clones transformed with a 3′-truncated *A^51^* transgene ([@B18]) at moderately high copy numbers. ∼23-nt *A^51^* siRNAs could be detected in total RNAs extracted from three such clones grown in normal conditions, but not when the same clones were fed *DCR1* dsRNA ([Figure 3](#F3){ref-type="fig"}A). Conversely, long *A^51^* transcripts (∼8000 nt) accumulated only in the latter case ([Figure 3](#F3){ref-type="fig"}B). Additional experiments (not shown) indicated that dsRNA-induced silencing of *DCR1*, *DCR2*, or *DCR3* during autogamy did not prevent the development of a functional new MAC. However, the induction of gene deletions in the developing MAC by RNAi ([@B18]) appeared to require the expression of *DCR1* (data not shown). Figure 3.Functional analysis of Dicer and Dicer-like genes. (**A, B**) Northern blot analysis of total RNA from 3 clones transformed with a 3′-truncated *A^51^* transgene (lanes 1--3), grown on the normal food bacterium (*Klebsiella*) or on *E. coli* producing *DCR1* dsRNA (*DCR1* silencing). RNAs were resolved on 15% polyacrylamide (A) or 1% agarose (B) denaturing gels, blotted and hybridized with an *A^51^*-specific probe. The size marker (M) shows the positions of 20 and 30-nt RNAs. (**C**) 5′-end-labelled total RNA from different time points (as indicated in hours) during autogamy of cultures fed with *Klebsiella* or with *E. coli* producing *DCL2* and *DCL3* dsRNA prior to meiosis. The t = 0 time points were arbitrarily set when 5% (*Klebsiella*) or 8% (*DCL2-DCL3* silencing) of cells showed fragmented macronuclei; that fraction reached 54% at 6 and 4 h, and 99% at 20 and 18 h, respectively. (**D, E**) Total DNA samples from the same autogamy time courses, extracted at the indicated times (hours), were amplified with primers flanking IESs 51G2832 (D) or 51G4404 (E) ([@B36]). V, vegetative sample before induction of meiosis. IES-containing and IES-excised PCR fragments (black and grey arrowheads, respectively) are co-amplified in each reaction, allowing semi-quantitative assessment of the accumulation of unexcised IES copies in developing MAC. (**F**) A Southern blot of the same DNA samples (uncut) is hybridized with a probe specific for the *Sardine* transposon. The lower panel shows ethidium bromide staining as a loading control.

To identify genes involved in the scnRNA pathway, cells were fed bacteria producing dsRNA homologous to each of the 4 *DCL* genes, either alone or in all possible combinations, for at least three divisions prior to induction of meiosis. Examination of post-autogamous progeny showed that all silencing combinations including either *DCL2* or *DCL3* had subtle effects on MAC development, including mating-type change from O to E and reversal of maternally inherited deletions of cellular genes in the MAC, while combinations involving both of these genes resulted in non-viable sexual progeny (data not shown). In the latter case cell death occurred within a few divisions after refeeding autogamous cells, suggesting new MACs were not functional. To determine whether these phenotypes were due to defects in scnRNA production or function, total RNA was extracted at different time points from a large-scale culture undergoing autogamy after dsRNA-induced silencing of *DCL2* and *DCL3*. In contrast with the non-silenced control culture, 5′-end labelling after dephosphorylation failed to reveal any accumulation of ∼25-nt scnRNAs ([Figure 3](#F3){ref-type="fig"}C). A small amount of slightly longer RNAs was detected at late time points, but similar bands were also present in late samples from the control, suggesting these could represent a different class of small RNAs accumulating at later stages of MAC development. Total DNA samples were also taken at different time points and subjected to PCR tests to monitor the excision of IESs during MAC development: silencing of *DCL2* and *DCL3* resulted in the accumulation of unexcised IESs, at least for two mcIESs ([Figure 3](#F3){ref-type="fig"}D--E). A Southern blot analysis also revealed that a DNA transposon failed to be eliminated in these conditions ([Figure 3](#F3){ref-type="fig"}F). Thus, *DCL2* and *DCL3* are required for developmental elimination of at least some MIC-specific DNA sequences.

Cloning and sequencing of size-selected small RNAs
--------------------------------------------------

To better characterize silencing-associated siRNAs and meiosis-specific scnRNAs, the small RNAs from two conjugation samples (wild-type 2 h and *ND7*-silenced 7 h time points, hereafter called 2hWT and 7h*ND7*, see [Figure 1](#F1){ref-type="fig"}A) were purified on a 15% polyacrylamide-urea gel. For each sample, RNAs contained in four adjacent, 1-nt wide gel slices (23, 24, 25 and 26 nt) were eluted independently and cloned by a procedure involving dephosphorylation ([@B42]). A total of 1024 sequences were obtained by bulk sequencing of these eight fractions. Sequences were compared to the MAC genome, to the full set of predicted spliced mRNAs, to other *P. tetraurelia* sequences (rDNA and other abundant RNAs, mitochondrial genome, all known MIC-specific sequences), and to the *ND7* feeding vector, tolerating one mismatch to allow for RT-PCR-induced substitutions ([Supplementary Tables 1 and 2](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). Because a significant fraction of the sRNAs eluted at 23 and 24 nt carried a 3′ polyA tail (see below), the search was repeated for unidentified sequences after removal of 3′-terminal As. Finally, the remaining unmatched sequences were searched in public databases. [Table 2](#T2){ref-type="table"} gives the number of sequences identified in each of these categories for the eight fractions. As expected, sequences matching the *ND7* feeding vector were found only in the 7h*ND7* sample, where they represent 20% and 11% of the 23- and 24-nt fractions, respectively. A significant percentage of sequences in the 23, 24 and 26-nt fractions (28--61%) represented fragments of abundant non-coding RNAs such as rRNAs, tRNAs, snRNAs or mitochondrial transcripts (RIBO). In the 25-nt fractions, however, the RIBO category accounted for only 5--16% of sequences, reflecting the abundance of genomic scnRNAs. Similarly, between 2% and 52% of sequences appeared to be derived from RNAs of other organisms, mostly bacterial rRNAs (EXO). About one half of the remaining sequences matched the MAC genome. Those for which no match could be found could in principle arise from the unsequenced genomes of the MIC or of other organisms. Table 2.Number and percentage of sRNAs in each sequence category for each of the 8 size-selected fractionsSample*ND7* silencingMAC genomeRIBOEXONo matchTotal2hWT---23 nt0 (0%)5 (5%)32 (34%)48 (52%)8 (9%)93 (100%)2hWT---24 nt0 (0%)20 (18%)45 (39%)36 (32%)13 (11%)114 (100%)2hWT---25 nt0 (0%)63 (45%)23 (16%)25 (18%)30 (21%)141 (100%)2hWT---26 nt0 (0%)5 (7%)44 (61%)15 (21%)8 (11%)72 (100%)7h*ND7*---23 nt26 (20%)20 (16%)37 (29%)30 (24%)14 (11%)127 (100%)7h*ND7*---24 nt19 (11%)44 (24%)50 (28%)24 (13%)43 (24%)180 (100%)7h*ND7*---25 nt1 (1%)97 (49%)10 (5%)3 (2%)89 (45%)200 (100%)7h*ND7*---26 nt0 (0%)22 (23%)32 (33%)5 (5%)38 (39%)97 (100%)

Polyadenylation of RIBO and EXO sRNAs
-------------------------------------

A suspiciously large number of sequences cloned from the 23-nt fraction of the 7h*ND7* sample contained stretches of As at their 3′ end and did not match any known sequence. Re-mapping the sequences after removal of the terminal As confirmed that the 3′ A stretches were untemplated polyA tails present in a significant fraction of sequences of all categories: 68% of RIBO, 20% of EXO, 50% of silencing-associated and 60% of genomic sRNAs ([Supplementary Table 2](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). However, polyadenylation is unlikely to have the same biological significance in all cases. Indeed, all RIBO and EXO sequences were on the plus strand, suggesting that these sRNAs arise from the degradation of abundant cellular RNAs, mostly rRNAs and tRNAs. These polyA+ sRNAs may represent degradation intermediates that are targeted to the exosome by the addition of short polyA tails, as shown in other eukaryotes ([@B44],[@B45]). In contrast, polyA+ sRNAs homologous to the *ND7* gene cannot be degradation products of the *ND7* mRNA since they were all on the antisense strand (see below).

PolyA+ RIBO and EXO sRNAs were much less frequent in the 24-nt fraction of the 7h*ND7* sample (14% and 4%, respectively) and virtually inexistent in higher fractions. This could reflect either the preferential polyadenylation or the slower degradation of shorter molecules. PolyA+ sRNAs were also found among the sequences cloned from the 2hWT sample, albeit at a lower frequency (only 9% of RIBO in the 23-nt fraction, very few elsewhere) ([Supplementary Table 1](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). The higher frequency seen in the 7h*ND7* sample suggests that dsRNA feeding does increase the steady-state amount of polyA+ sRNAs, possibly through the saturation of some degradation pathway. Of note, the fact that the polyadenylation of EXO sRNAs is similar to that of fragments of *Paramecium* rRNAs and tRNAs suggests that single-stranded RNAs from food bacteria or from the wheat-grass infusion medium (the most likely source of RNAs from plants, fungi, or bacteria other than *E. coli*) can pass from phagosomes to cytoplasm, like the dsRNAs used to induce RNAi.

Analysis of ND7-silencing siRNAs reveals two subclasses
-------------------------------------------------------

Before the re-mapping of polyA+ sRNAs, only eight of the sRNAs randomly sequenced from the 7h*ND7* sample were found to match the *ND7* dsRNA used for silencing with ≤1 mismatch ([Supplementary Table 3A](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). As expected for primary siRNAs cleaved by Dcr1 from the dsRNA, these sRNAs were equally distributed on both strands. Half of them were 23 nt in length, and the other half (24--25 nt) ended with As and/or mismatched nucleotides. A larger number ([@B23]) of sRNAs matched the vector part of the *ND7* feeding plasmid on both strands. All but two were exactly 23-nt long, although most were found in the 24-nt fraction ([Supplementary Table 3B](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). To determine whether sRNAs related to dsRNA feeding could also be found in the 25-nt fraction, where their presence would likely be masked by the vast excess of scnRNAs, we used a hybridization-selection method to enrich that RT-PCR library in sequences homologous to the entire *ND7* gene, prior to concatemerization and cloning. This procedure yielded 20 non-redundant *ND7* sRNAs from the 25-nt fraction ([Supplementary Table 3C](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). All of them mapped to the *ND7* dsRNA fragment and three overlapped the junction between *ND7* and vector sequences, indicating that they were silencing-associated siRNAs rather than genomic scnRNAs. All but two were 23 or 24 nt in length (11 and 7, respectively); thus, selecting for slow-migrating *ND7* sRNAs did not yield significantly longer molecules, but instead selected for sense-strand siRNAs (18 of 20), which migrate more slowly because of the high purine bias of the sense strand (64% purines over the *ND7* dsRNA fragment). Indeed, two 23-nt RNA oligonucleotides with 78% and 26% purines migrated with an apparent size difference of ∼2 nt, the purine-rich one being the slower (data not shown). Thus, primary siRNAs cleaved from the dsRNA are predominantly 23 nt in length.

After removal of 3′-terminal A stretches (2--9 nt), the re-mapping of unidentified sequences obtained by random sequencing of the 7h*ND7* sample yielded 15 additional sRNAs homologous to the *ND7* dsRNA, none of which contained any vector-derived sequence ([Supplementary Table 3D](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). Two additional features appeared to distinguish these polyA+ sRNAs from the primary *ND7* siRNAs described above. First, they showed a strong preference for a 5′U (11 of 15 sRNAs, versus only 6 of 28 primary siRNAs). Secondly and quite strikingly, they were all antisense to the *ND7* gene ([Figure 4](#F4){ref-type="fig"} and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). Thus polyA+ *ND7* sRNAs cannot be mRNA degradation products, which also stands in contrast to polyA+ RIBO and EXO sRNAs. Although most polyA+ *ND7* sRNAs had total lengths of 24 or 25 nt, 13 were from the 23-nt fraction and 2 from the 24-nt fraction, indicating that they migrated faster than would be expected from their size. Indeed, the average size of those cloned from the 23-nt fraction was 24.5 nt, compared to 23.3 nt for primary siRNAs isolated from the same fraction ([Supplementary Table 4](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). The lack of any untemplated polyA tail among the 20 *ND7* siRNAs cloned by hybridization-selection from the 25-nt fraction further suggests that polyA+ *ND7* sRNAs are rare in higher fractions. Figure 4.Distribution of *ND7* siRNAs. The black arrow represents the full length of the *ND7* coding sequence; the open box indicates the position of the 397-bp fragment cloned into the feeding vector for dsRNA production. The bottom line shows the full length of the dsRNA molecule produced in *E. coli*; green extensions on both sides of the *ND7* fragment are vector sequences located between the convergent T7 promoters. Sense and antisense siRNAs are aligned above and below the line, respectively. Primary siRNAs obtained by random sequencing of the 23-nt fraction are shown in green and light blue; those obtained by hybridization-selection from the 25-nt fraction are shown in dark blue. PolyA+ siRNAs obtained by random sequencing or by selective reamplification of polyA+ molecules are shown in red; one was found to map in the *ND7* coding sequence upstream of the dsRNA fragment (top).

To confirm this point, polyA+ sRNAs were specifically reamplified from the 23 and 26-nt RT-PCR libraries using a downstream primer extended at its 3′ end by 5 or 10 Ts. This yielded 13 *ND7* sRNAs out of 94 sequences from the 23-nt fraction (14%, [Supplementary Table 3E](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)), but none among 71 sequences from the 26-nt fraction. Thus, polyA+ *ND7* sRNAs indeed appear to be almost entirely confined to the 23-nt fraction. However, because the 3′ polyT extension of the downstream primer could possibly pair with A-rich genomic sequences, some of the sRNAs reamplified in this way may not be truly polyadenylated. This was likely the case for two of the *ND7* sRNAs that were on the sense strand of the *ND7* dsRNA, since 4 of 5 and 8 of 10 nucleotides facing the polyT extensions were natural As in the *ND7* sequence. To circumvent this specificity problem, only those sequences with untemplated polyA tails longer than the primer\'s polyT extension were considered to be unambiguously polyA+. Of the 13 sequences, eight satisfied this criterion; like the 15 polyA+ *ND7* sRNAs obtained by bulk sequencing, these were all antisense ([Figure 4](#F4){ref-type="fig"} and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)) and showed a 5′U bias (seven of eight). Interestingly, one of the 13 sRNAs was found to map ∼350 bp upstream of the dsRNA segment in the *ND7* coding sequence, in the antisense orientation ([Figure 4](#F4){ref-type="fig"}). Although this observation would need to be confirmed by deeper sequencing of siRNAs to obtain more examples, it raises the possibility that dsRNA feeding results in low levels of transitive siRNAs outside the targeted region of the mRNA sequence, as observed in *C. elegans* ([@B3],[@B4]).

A fraction of the sRNAs from 23-nt fractions that matched the MAC genome were also polyadenylated (20% in 2hWT and 65% in 7h*ND7*; [Supplementary Table 1](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). The absence of a clear 5′UNG signature (see below) suggests that many of these are not meiosis-specific scnRNAs and may represent endogenous siRNAs. Despite the small number of such sequences, nine sRNAs were found to cluster within 200 bp in a 1.1 kb intergenic region of scaffold 22, between convergent genes ([Supplementary Figure S51](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). At least five of these sRNAs carried a polyA tail, and seven started with a 5′U. Furthermore, all were on the same strand, suggesting they could be endogenous siRNAs produced by the same mechanism as polyA+ *ND7* sRNAs. Northern blot analyses with a probe specific for this region revealed that homologous ∼23--24-nt sRNAs are present in vegetative cells as well as during sexual events, confirming that they are not meiosis-specific scnRNAs (not shown). The clustering and absolute strand bias of sequenced molecules are also reminiscent of the genomic distribution of endogenous 23--24-nt endogenous sRNAs in *T. thermophila* ([@B22]).

25-nt scnRNAs with a 5′-UNG signature cover all types of micronuclear sequences
-------------------------------------------------------------------------------

As expected from the abundance of scnRNAs revealed by 5′-end labelling, the fraction of sRNAs matching the MAC genome was much higher in the 25-nt fractions than in other fractions ([Table 2](#T2){ref-type="table"}). Analysis of 160 sequences from 2hWT and 7h*ND7* showed the following characteristics: (i) a predominant length of 25 nt (77%); (ii) a very high frequency of 5**′**U (96%); (iii) a very high frequency of G at the third position (73%). Sequences with no identified match were also very abundant (119 sRNAs) in these fractions and shared the same characteristics: (i) 72%; (ii) 92%; (iii) 64%. While these slightly lower figures are consistent with a small contamination by EXO sequences from unknown genomes, the vast majority of these sequences likely represent scnRNAs from MIC-specific regions of the *P. tetraurelia* genome. Indeed, they show the same nucleotide composition as MAC scnRNAs (71% A+T), and two sequences were found to match the MIC-specific class-II transposon Sardine.

Each of the MAC or putative MIC-specific sRNAs from the 25-nt fractions was cloned only once, suggesting high complexity. In contrast with putative endogenous siRNAs, for which one local cluster was detected with fewer sequences, their mapping suggests an even distribution all along the entire set of MAC chromosomes on both strands. To study the distribution of MAC scnRNAs over annotated features in more detail, we constituted a set of 173 sequences of exactly 25 nt starting with 5′UNG by pooling all those obtained from bulk sequencing of size-selected fractions together with additional sequences obtained during preliminary tests of the hybridization-selection method (which yielded no enrichment). When compared to the distribution of all 25-nt sequences starting with 5′TNG in the MAC genome, the distribution of these 173 scnRNAs was not statistically different from random expectation, with the same proportions matching intergenic regions and the sense or antisense strands of coding exons and introns ([Table 3](#T3){ref-type="table"}). A larger set of 641 MAC scnRNAs (not necessarily 5′UNG, see below) contained very similar proportions of sequences overlapping introns (18 on the sense strand and 14 on the antisense strand, [Supplementary Table 5](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). All sRNAs sequenced in this study (including the 344 25-nt, putative MIC-specific scnRNAs, [Supplementary Table 6](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)) were also compared to the entire set of predicted mRNAs, but none of the putative scnRNAs was found to match an exon-exon junction. We conclude that scnRNAs are processed from unspliced precursors. Table 3.Distributions of all 25-nt segments of the MAC genome beginning with 5′-TNG, and of 5′-UNG, 25-nt MAC scnRNAs, over annotated features of the MAC genomeFeatures5′TNG in MAC genome5′UNG MAC scnRNAsStatistical testNumbersFrequenciesObservedExpected (e)*χ*^2^*P*-valueIntergenic regions[^a^](#TF1){ref-type="table-fn"}12650120.1693129.30.060.80Coding exons,[^b^](#TF2){ref-type="table-fn"} sense str.29223370.3917167.60.210.65Introns,[^c^](#TF3){ref-type="table-fn"} sense str.2460290.03355.70.010.94Coding exons,[^b^](#TF2){ref-type="table-fn"} antisense str.28591220.3826166.10.520.47Introns,[^c^](#TF3){ref-type="table-fn"} antisense str.1819290.02444.20.020.89Other[^d^](#TF4){ref-type="table-fn"}64690.00110.10.820.36Total74808981.000173173.0[^4][^5][^6][^7][^8]

Because of the high complexity of the scnRNA population, identifying one scnRNA matching one of the few known IESs by random sequencing would require a very large number of sequences. To examine the distribution of scnRNAs over known MIC loci, we therefore used the MIC versions of the *ND7* and *G^51^* genes, containing several IESs each, to enrich RT-PCR products from the 25-nt fraction of the 2hWT sample by hybridization-selection before cloning. Although the enriched libraries were not sequenced to saturation, the diversity of homologous scnRNAs obtained in this manner confirmed that scnRNAs densely cover all types of micronuclear sequences on both strands: intergenic regions, exons, introns, and IESs ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)).

The complementary signature implies scnRNA duplexes with 2-nt 3′ overhangs
--------------------------------------------------------------------------

Because Dicer-like proteins appear to be involved in their biogenesis, scnRNAs may be expected to be produced from longer dsRNAs as 25-nt duplexes with 2-nt 3′ overhangs. The 5′UNG signature of one strand should therefore be mirrored by the complementary CNA at positions 21--23 of the other strand. To look for this complementary signature, a larger data set of 641 sequences was constituted by selecting the sRNAs that were exactly 25 nt in length from all random sequencing or hybridization-selection experiments (after elimination of redundant sequences), keeping only those that matched the MAC genome to make the set more reliable ([Supplementary Table 5](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)). The compositional profile of the whole set showed no sign of a CNA signature at positions 21--23 ([Figure 5](#F5){ref-type="fig"}A). However, that signature was obvious in the small subset (6%) of sRNAs that did not start with a 5′U ([Figure 5](#F5){ref-type="fig"}B). That subset also showed an elevated frequency of C at position 22, which was mirrored by an elevated frequency of G at position two among sRNAs starting with a 5′U. This observation provides the first direct evidence that scnRNA duplexes are indeed cleaved from dsRNA with a typical RNaseIII geometry, i.e. 2-nt 3′ overhangs, at both ends. It further implies that the 5′UNG strands are preferentially stabilized, possibly through preferential loading into the two Piwi proteins involved in programming genome rearrangements (K. Bouhouche and E. Meyer, unpublished). To reflect this asymmetry, the more abundant 5′UNG sequences were tentatively called 'guide' strands, and the less frequent CNA sequences 'passenger' strands. Figure 5.Compositional profile of MAC 25-nt scnRNAs. (**A**) The whole set of 641 non-redundant sequences. In the logo on the left, the height of each nucleotide symbol is proportional to its frequency at each position. In the logo on the right, the height of each symbol represents the relative entropy between the observed frequency of the nucleotide at that position and its *a priori* probability (0.36 for A and U, 0.14 for C and G). (**B**) The same representations are provided for two subsets of the 641 sequences: those beginning with a 5′U and those beginning with another nucleotide. (**C**) The 641 sequences are here classified into 'guide' or 'passenger' subsets by the automatic procedure described in the text.

Preferential stabilization of one scnRNA strand does not appear to follow the rule shown to determine strand selection from siRNA and miRNA duplexes in metazoans, the preferential loading of the strand whose 5′ end has the lower pairing stability ([@B46]). Indeed, the pairing stability of the ends of perfectly matched scnRNA duplexes should depend only on base composition, so that one would expect the first 4 bases (positions 1--4) of most scnRNAs to have a lower G+C content than the last 4 bases of the duplex portion (positions 20--23). However, the opposite trend is observed in the sample of 641 MAC scnRNAs: on average, positions 1--4 have 0.28 more G/C bases than positions 20--23. This is likely due to the high frequency of G at position 3, which, given the 72% A+T content of the MAC genome, is more significant than the high frequency of U at position 1: positions 1--4 have 0.31 more G/C bases than positions 20--23 among scnRNAs starting with a 5′U, but 0.25 less G/C bases among scnRNAs not starting with a 5′U. Preferential loading of the 5′UNG strands would be better explained by base-specific contacts of the 5′ end-binding pocket of the relevant Piwi proteins (or of loading factors), as postulated to account for strong biases in the 5′ nucleotides of sRNAs associated with several Argonaute proteins in *Arabidopsis thaliana* ([@B47; @B48; @B49]).

A 5′U may not be the sole determinant of strand selection, since some non-CNA sequences had a G at the third position but no U at the 5′end; other sequences had neither the UNG nor the CNA signatures, while some had both. We therefore attempted to classify all sequences in a more objective manner. A position-specific weighting matrix was computed for the first 23 nt (the double-stranded portion of duplexes) of the whole set of 641 sRNAs, which contains an excess of guide strands. The matrix was then used to score each sequence and its reverse complement, thus allowing a preliminary classification as guide or passenger. A new matrix was then computed from all sequences after reversing and complementing the passengers, and the process was repeated until the classification was stable (four rounds). This procedure increased the fraction of putative passenger strands to 14% ([Figure 5](#F5){ref-type="fig"}C). The final matrix was also used to score a non-redundant set of 344 25-nt, putative or confirmed MIC scnRNAs, yielding a similar fraction of passenger strands (16%) ([Supplementary Table 6](http://nar.oxfordjournals.org/cgi/content/full/gkn1018/DC1)).

DISCUSSION
==========

Primary and secondary siRNAs associated with dsRNA-induced RNAi
---------------------------------------------------------------

Homology-dependent gene silencing in *P. tetraurelia* was previously shown to correlate with accumulation of ∼23-nt siRNAs during both vegetative growth and sexual events ([@B18],[@B19],[@B39]). The results presented here indicate that *DCR1*, the only gene likely to encode a catalytically active Dicer, is involved in their production. The closest homolog in public databases is *T. thermophila*\'s *DCR2*, which has been implicated in the biosynthesis of endogenous 23--24-nt sRNAs throughout the life cycle ([@B20],[@B22]). The siRNA pathway thus appears to be conserved in these distantly related oligohymenophorean ciliates. The conservation of catalytically inactive Dicer paralogs in both species (*DCR2* and *DCR3* in *Paramecium*, and *DCR1* in *Tetrahymena*) is intriguing, but their functions, if any, remain to be determined.

Random sequencing of the 23 and 24-nt fractions of the 7h*ND7* sample yielded 45 siRNAs associated with *ND7* silencing and 64 sRNAs matching other sequences of the MAC genome, suggesting that the dsRNA feeding technique results in siRNA levels much higher than those of putative endogenous siRNAs produced by any locus. Unexpectedly, the analysis of dsRNA-induced siRNAs revealed the existence of two distinct subclasses. In this silencing technique, cells are fed with an RNaseIII-deficient *E. coli* strain engineered to produce dsRNA homologous to a segment of the target gene, which is cloned between convergent T7 promoters in the L4440 plasmid ([@B17]). To be processed by the *Paramecium* RNAi machinery, the dsRNA must escape the phagosomes during the digestion of bacteria and presumably enter the cytoplasm. One subset of sequenced sRNAs, predominantly 23 nt in length, appears to correspond to primary siRNAs that are directly produced by cleavage of the inducing dsRNA. Indeed it contained sequences matching both strands of the *ND7* gene segment as well as the L4440 vector, and included sequences that overlap the *ND7*-vector junction. These primary siRNAs did not show any particular nucleotide bias at the 5′ end, suggesting that Dcr1 has no sequence specificity, and did not contain any untemplated polyA tail.

A second subset of *ND7* sRNAs, clearly associated with dsRNA-induced silencing since they clustered in the targeted segment, was characterized by the presence of short, untemplated polyA tails (2--9 nt). Although similar polyA tails were also found in RIBO and EXO sRNAs from the 7h*ND7* sample, the latter were all on the plus strand of abundant RNAs such as rRNAs and tRNAs and therefore appear to be degradation intermediates, possibly tagged by a variant polyA-polymerase of the Cid14/Trf4/Trf5 family for digestion by the exosome ([@B44],[@B45]). Because polyA+ RIBO and EXO sRNAs were much less frequent (but not completely absent) in the 2hWT sample, it is tempting to speculate that the dsRNA feeding technique is responsible for the stabilization of polyA+ intermediates in the 7h*ND7* sample, perhaps through saturation of the exosome degradation pathway. PolyA+ *ND7* sRNAs, on the other hand, cannot be mRNA breakdown products since they were all antisense to the gene. The fact that they were almost entirely confined to the 23-nt fraction also makes it unlikely that they could be random degradation intermediates from longer antisense transcripts. Indeed, none of the *ND7* sequences cloned by hybridization-selection from the 25-nt fraction carried a poly A tail, and the specific reamplification of polyA+ molecules from the 26-nt fraction failed to yield any *ND7* sRNA.

We cannot formally exclude that polyA+ *ND7* sRNAs are produced by partial degradation of primary siRNAs from their 3′ end, followed by polyadenylation. However, their strong preference for a 5′U is not observed among primary siRNAs. Furthermore, unlike the latter they do not include any vector-derived sequence and have a strict antisense polarity. Thus, if they were processed from the symmetrical dsRNA, the polyadenylation mechanism would have to be sensitive to the 5′ nucleotide and to discriminate between endogenous and exogenous sequences, as well as between sense and antisense strands of *ND7* sequences. An alternative possibility is suggested by the finding that, in *C. elegans*, induction of RNAi by dsRNA feeding ([@B3]) or by expression of a single primary siRNA ([@B4]) results in the production of secondary siRNAs that are synthesized by an RdRP from the targeted mRNA. In this organism, synthesis of secondary siRNAs was shown to be Dicer-independent and to rely on unprimed RdRP activity producing 5′-triphosphate sRNAs of variable lengths with a strong 5′G bias ([@B2]). A similar unprimed polymerization mode of the QDE-1 RdRP from *Neurospora crassa* can produce 9--21-nt sRNAs scattered along the length of a ssRNA template *in vitro* ([@B50]). Such a mechanism would perfectly explain the antisense polarity of polyA+ *ND7* sRNAs, and the lack of any vector-derived sequence among them. It could also account for the antisense sRNA found to map outside the feeding segment in the *ND7* coding sequence, which is consistent with the occurrence of transitive RNAi in *P. tetraurelia*. Thus we favour the hypothesis that polyA+ *ND7* sRNAs constitute a distinct subclass of secondary siRNAs. As observed in the nematode, these would be more abundant in the gene segment used for dsRNA feeding than in upstream or downstream regions ([@B3]).

An RdRP-dependent RNAi mechanism in *P. tetraurelia* is independently suggested by the unexpected observation that the two putatively active RdRP genes in the genome are required for efficient silencing by dsRNA feeding (A. Le Mouël and EM, unpublished; S. Marker and M. Simon, personal communication). The closest homolog of these proteins, *T. thermophila*\'s Rdr1, is thought to be involved in the synthesis of endogenous 23--24-nt siRNAs through unprimed copying of single-stranded transcripts ([@B22]). In the proposed model, however, the 3′ ends of siRNAs are cleaved from the resulting dsRNAs by Dcr2. The absolute strand bias of siRNA clusters is assumed to result from a processing polarity imposed by Rdr1 through its physical interaction with Dcr2; Rdr1 would also serve to provide a 5′-triphosphate end which appears to be required for Dcr2 to cleave dsRNA into precisely sized 23--24-nt siRNAs. In *P. tetraurelia*, Dcr1-mediated cleavage of the 3′ end of secondary siRNAs would imply 3′-end trimming before polyadenylation; Dicer-independent biogenesis, as observed in the nematode, is a simpler model for both secondary siRNAs associated with dsRNA feeding and the similar strand-biased cluster of putative endogenous siRNAs. Whatever the case may be, secondary siRNAs should have 5′-triphosphate ends defined by RdRP polymerization starts. This would fit the observation that they migrate faster than expected from their sizes, since additional phosphates result in faster migration in the type of gel used; the 5′U bias would then reflect some RdRP specificity.

The biological significance of secondary siRNA polyadenylation remains unclear. Further work is necessary to determine whether polyA+ siRNAs represent degradation intermediates stabilized by the saturation of the exosome or other nucleases, as may be the case for RIBO and EXO sRNAs, or whether they associate with any of the 14 *Paramecium* Piwi-like proteins and have silencing activity. Small RNA polyadenylation is reminiscent of the polyuridylation of *A. thaliana* miRNAs and siRNAs that is observed in the absence of Hen1-mediated methylation of the last ribose ([@B51]). Secondary siRNA polyadenylation might result from saturation of the *P. tetraurelia* Hen1 homolog, due to dsRNA feeding and/or to intense RNA metabolism during conjugation. However, primary siRNAs and scnRNAs do not appear to be significantly polyadenylated in the same sample. One possible explanation for this specificity is suggested by the finding that *T. thermophila*\'s Rdr1 associates in a complex similar to the RDRC of *Schizosaccharomyces pombe* with Cid12-like polyA polymerases that have close homologs in the *P. tetraurelia* genome ([@B22],[@B52]). The exact function of Cid12-like proteins in other systems is currently unclear; the *P. tetraurelia* homologs might be responsible for the specific polyadenylation of RdRP-dependent siRNAs.

Biogenesis and function of meiosis-specific scnRNAs
---------------------------------------------------

Our analysis of small RNAs during conjugation has shown that a highly complex population of ∼25-nt scnRNAs is produced during early meiosis in *P. tetraurelia*. Their biogenesis appears to involve the developmentally regulated Dcl2 and Dcl3 proteins, which contain two apparently functional RNaseIII domains but are more similar to metazoan Drosha than to prototypical Dicers in that they lack an RNA helicase domain. These proteins are also structurally similar to *T. thermophila*\'s Dcl1 ([@B31],[@B33]), indicating that the scnRNA pathway is at least partially conserved in these two ciliates. Our preliminary screen did not suggest any possible function of the *DCL1* and *DCL4* genes during sexual reproduction. The *Paramecium DCL* gene family is an interesting case of functional diversification after whole-genome duplications ([@B43]): while only *DCL2* and *DCL3* are up-regulated during meiosis, *DCL1* is a close paralog of *DCL2* dating from the last duplication, and the *DCL3*/*DCL4* pair dates from the previous duplication.

We have previously shown that microinjection of synthetic RNA duplexes mimicking the inferred structure of *Paramecium* scnRNAs can target the elimination of homologous sequences in the developing MAC ([@B39]), as had been proposed in *T. thermophila* to explain the effects of knocking out several genes in the scnRNA pathway ([@B31; @B32; @B33],[@B40]). Silencing both the *DCL2* and *DCL3* genes during sexual reproduction was here shown to result in unviable progeny. Cell death only occurred after cytologically normal development of the zygotic MAC and is likely due to genome rearrangement defects, since unexcised copies of IESs were shown to accumulate during development. This further supports the essential role of the scnRNA pathway in programming rearrangements. *DCL2* and *DCL3* may have redundant functions, since knocking down either one alone does not compromise viability but results in the same subtle phenotypes. These phenotypes are also similar to those observed after partial depletion of the meiosis-specific RNA-binding proteins Nowa1/2, confirming previous speculation that the latter are involved in the scnRNA pathway ([@B19]).

The sequencing of several hundreds of 25-nt scnRNAs offers further insight into their biogenesis. The vast majority of them present a 5′-UNG signature, while a small minority shows the complementary CNA motif at positions 21--23. This observation provides independent evidence that scnRNAs are cleaved from dsRNA precursors as duplexes with 2-nt 3′ overhangs at both ends, as would be expected for typical RNaseIII cleavage products. It also indicates that the CNA strand is rapidly eliminated, or that it is specifically modified in a way that interferes with its cloning by the method used. Preferential stabilization of 5′UNG strands ('guide' strands) *in vivo* could result from base-specific interactions with the two Piwi-like proteins implicated in genome rearrangements (K. Bouhouche and EM, unpublished results), or with specialized loading factors. If non-5′U scnRNAs represent the steady state of unstable passenger strands, the fact that they frequently show the CNA motif, rather than totally random sequences, suggests that the 5′UNG signature is due to some sequence specificity of one of the two Dicer-like cuts.

The identification of a few scnRNAs matching known MIC-specific sequences, as well as the localization of Dcl2 in the MIC during meiosis I prophase, indicates that scnRNAs are produced from the MIC. Although the detection of local clusters or barren regions would require deep sequencing, the distribution of scnRNAs over the known MAC genome appears to be homogeneous and random with respect to annotation, suggesting they may be produced from the whole germline genome. The fraction of putative MIC-specific scnRNAs was found to be higher in 7h*ND7* than in 2hWT, which is consistent with a progressive enrichment during early conjugation. A firm conclusion, however, must await the complete sequencing of the MIC genome and the detailed analysis of different time points from the same synchronous conjugation. Ciliate scnRNAs resemble metazoan piRNAs in their developmental regulation and germline restriction, and at least partially in their function, since they are involved in epigenetic control of transposons and IESs, which are thought to have evolved from transposon insertions ([@B23],[@B25]). However, scnRNAs are clearly produced by Dicer-like cleavage of dsRNA precursors, and no evidence was found for a 'ping-pong' mechanism of Dicer-independent amplification, as proposed in the fly ([@B53],[@B54]) and in vertebrates ([@B12],[@B55]) piRNAs, or for upstream motifs suggestive of individual transcription promoters, as observed in the nematode ([@B56]). While the similarities suggest that meiosis- and/or germline-specific small RNAs may be very ancient in eukaryotes, the present results highlight important differences in biogenesis mechanisms.
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[^3]: The table gives normalized log~2~ values from microarrays hybridized with cDNA from vegetatively growing cells (Vegetative) or from early autogamy (Autogamy) (see Materials and methods section). The *P*-values in bold indicate significant differences in expression levels between these two stages.

[^4]: ^a^Many scnRNAs mapping to intergenic regions may be part of non-coding exons, because intergenic regions are very short (352 bp on average) and most 5′ and 3′UTRs have not been annotated.

[^5]: ^b^scnRNAs mapping in coding exons, including those overlapping 5′ or 3′UTRs, but excluding those overlapping introns.

[^6]: ^c^scnRNAs overlapping intronic sequences. Because introns are very short (25 nt on average), very few scnRNAs are expected to be entirely within introns.

[^7]: ^d^All other cases. The one case observed overlaps the coding sequences of two closely spaced, convergent genes.

[^8]: ^e^Random expectation is based on the actual distribution of 25 nt, 5′-TNG segments of the MAC genome. The non-significant *P*-values in the last column (Pearson\'s *χ*^2^ test with Yates' continuity correction) indicate that the fractions of scnRNAs mapping to the different types of annotated features are consistent with a random distribution (confirmed by a *χ*^2^ test comparing observed and expected distributions, *P* = 0.35).
